Streptococcus pneumoniae is the leading cause of communityacquired pneumonia and sepsis, with adult hospitalization linked to approximately 19% incidence of an adverse cardiac event (e.g., heart failure, arrhythmia, infarction). Herein, we review the specific host-pathogen interactions that contribute to cardiac dysfunction during invasive pneumococcal disease: (1) cell wall-mediated inhibition of cardiomyocyte contractility; (2) the new observation that S. pneumoniae is capable of translocation into the myocardium and within the heart, forming discrete, nonpurulent, microscopic lesions that are filled with pneumococci; and (3) the bacterial virulence determinants, pneumolysin and hydrogen peroxide, that are most likely responsible for cardiomyocyte cell death. Pneumococcal invasion of heart tissue is dependent on the bacterial adhesin choline-binding protein A that binds to laminin receptor on vascular endothelial cells and binding of phosphorylcholine residues on pneumococcal cell wall to platelet-activating factor receptor. These are the same interactions responsible for pneumococcal translocation across the blood-brain barrier during the development of meningitis. We discuss these interactions and how their neutralization, either with antibody or therapeutic agents that modulate platelet-activating factor receptor expression, may confer protection against cardiac damage and meningitis. Considerable collagen deposition was observed in hearts of mice that had recovered from invasive pneumococcal disease. We discuss the possibility that cardiac scar formation after severe pneumococcal infection may explain why individuals who are hospitalized for pneumonia are at greater risk for sudden death up to 1 year after infection.
Pneumonia is the most common cause of death in children under 5 years of age (1) . In European adults, pneumonia-associated deaths are predicted to peak in 2023, when one-third of the population will be over 65 years of age (2) . In the United States, over 5 million individuals develop pneumonia annually (3) , with pneumonia currently ranked as the eighth leading cause of death (4) . Although hospitalization for and 30-day mortality after pneumonia have declined in the United States during the last decade (5, 6) , due in large part to introduction of the 7-and 13-valent conjugate vaccine (5) , individuals hospitalized for pneumonia have higher all-cause mortality rates than patients hospitalized for all other reasons (7) . This increased likelihood for death is particularly evident in the elderly (.65 yr). Kaplan and colleagues (7) documented that almost one-half of elderly patients admitted for community-acquired pneumonia (CAP) experience mortality during the subsequent year, most deaths occurring after hospital discharge. It is now recognized that adverse cardiac events (i.e., myocardial infarction, arrhythmia, and heart failure) are a major contributing factor to mortality during hospitalization of the elderly for pneumonia and thereafter (8) . Cumulative rates of new or worsening heart failure during hospitalization of adults for CAP have been reported to be as high as 33%, arrhythmias at 11%, and acute coronary syndromes at 11% (9) . Adverse cardiovascular events occur most frequently in individuals who present with severe disease, usually those who required hospitalization and admittance to an intensive care unit (8) .
There are multiple hypotheses as to the underlying mechanism(s) responsible for the increased risk of cardiovascular events seen during pneumonia. These include pre-existing cardiac conditions, raised inflammatory cytokines that destabilize atherosclerotic plaques (10), platelet activation and thrombosis (11) , side effects from antimicrobial therapy (12) (13) (14) (15) , and increased myocardial demand at a time when oxygenation is compromised (16) . However, most clinical studies are not pathogen specific, and it is highly likely that the mechanism of cardiovascular involvement differs with differing pathogens, particularly as pneumonia severity can differ substantially between etiological agents (17) . Streptococcus pneumoniae (the pneumococcus) is the most frequent cause of CAP, bacteremia, and sepsis (18) . Pneumococcal infection is associated with greater disease severity and increased risk of death compared with other causes of pneumonia; in one study, the mortality risk was almost threefold higher (19) . Infection with S. pneumoniae has also been directly associated with adverse cardiac events. In a 2007 study by Musher and colleagues (20) , 19 .4% of 170 admitted adult patients experienced some form of an adverse cardiac event; most importantly, those who experienced an adverse cardiac event during pneumonia were at significantly higher risk for death than those with pneumococcal pneumonia alone. Herein, we review the pathogenic mechanisms by which S. pneumoniae directly inhibits cardiac contractility. In addition, we review the new finding that the pneumococcus is capable of translocation into the heart, and forms discrete, nonpurulent cardiac microlesions that may directly disrupt contractility.
The Cardiodepressant Effect of Pneumococcal Cell Wall Is Platelet-Activating Factor Receptor Dependent
During pneumococcal infection, bacterial cell wall is routinely shed and binds to the surface of epithelial cells in the lungs and endothelial cells in the vasculature. Pneumococcal cell wall has also been detected within the hearts of experimentally infected mice (21) . S. pneumoniae is recognized by heterodimers of Toll-like receptor (TLR) 1/2, which recognize diacylated lipoproteins found in its cell wall, TLR4 that recognizes the toxin pneumolysin, and TLR9 that recognizes bacterial DNA (22) (23) (24) . Nonetheless, and in contrast to numerous studies that show a central role for TLRs in cardiac dysfunction during infection (25) (26) (27) (28) , our experimental results instead suggest that the dominant negative effects of S. pneumoniae and its cell wall on heart function are TLR independent. Although inhibition of cardiomyocyte contractility in vitro and intact heart contractility ex vivo occurred after exposure to purified S. pneumoniae cell wall, this could be protected against by treatment with an antagonist for platelet-activating factor (PAF) receptor (PAFR) (29) . Pneumococcal cell wall contains phosphorylcholine (ChoP) residues that mirror the structural aspects of phospholipid activator, PAF. ChoP, thereby, functions as a PAF mimetic and a bacterial adhesin to PAFR (21) .
PAF is an inflammatory phospholipid produced by macrophages, neutrophils, platelets, endothelial cells, and cardiomyocytes in response to injury, and contributes to the development of inflammatory reactions (30) (31) (32) (33) . PAF induces cellular activation by binding to PAFR, which is a ubiquitous G protein-coupled receptor. PAFR interaction with PAF on different cell types has varied results that include activation of the proinflammatory transcription factor, nuclear factor (NF)-kB (34, 35) , vasodilation (36) , vasoconstriction (37), superoxide production (38) , increased permeability (38, 39) , augmentation of arachidonic acid metabolism, and the release of proinflammatory factors and cytokines (40, 41) , all of which may directly or indirectly affect cardiac function (26, 27, 42, 43) . In cardiomyocytes, direct treatment with PAF has been shown to have at first a positive, but then long-lasting negative and arrhythmogenic, effect on contractility (44, 45) . This is most likely due in part to its endogenous activation of NF-kB, which has been shown to be inhibitory of cardiac contractility (25) (26) (27) (28) , as well as PAF-induced endogenous mediators.
Of note, exposure of cardiomyocytes to S. pneumoniae cell wall does not result in their death (46) . What is more, cardiac depression as a result of NF-kB activation seems to be reversible, with flagellininduced TLR5-mediated increases in end-systolic and end-diastolic left ventricular volumes, along with a diminished ejection fraction being transient (47) . Thus, the negative effects of pneumococcal cell wall on cardiac function are most likely restricted to the acute and early convalescent phase of the infection (i.e., during hospitalization). Importantly, and as inferred previously here, TLRs play a central role in cardiac dysfunction during other types of infection and cardiac injury. In addition to detecting conserved structural motifs found in micro-organisms (i.e., pathogen-associated molecular patterns), TLRs also detect endogenous molecules released from necrotic or dying cells (i.e., danger-associated molecular patterns) and activate the host response (48) . Engagement of a TLR by its ligand leads to the transduction of a proinflammatory signal through either the adaptor molecules, myeloid differentiation marker-88 or Toll/IL-1R domain-containing adaptor inducing IFN, resulting in activation of NF-kB or IFN regulatory factor-3/-7, respectively. TLRs that signal through myeloid differentiation marker-88, along with cytokines that activate NF-kB, have been linked to cardiac depression during acute infection, and it is therefore likely that these pathways work alongside cell wall-mediated PAFR activation during S. pneumoniae invasive disease to suppress cardiac function.
Pneumococcal Invasion into the Heart
S. pneumoniae is the leading cause of bacterial meningitis, and considerable research has been directed toward determining the molecular mechanisms by which this pathogen gains access to the central nervous system (CNS). It is now recognized that two key interactions are required for translocation across the blood-brain barrier. First, bacterial adhesion to vascular endothelial cells is mediated by the bacterial adhesion, choline-binding protein A (CbpA), which binds to laminin receptor (LR) (49) . Second, ChoP-mediated interactions with PAFR lead to bacterial uptake and translocation across these cells (21) . In a TLR2-independent manner, PAFR ligation by pneumococcal cell wall induces the activation of the scaffold protein, b-arrestin-1, in turn causing endocytosis and uptake of bacteria or cell wall into a clathrin-coated vesicle (50) . Contents of this vesicle are either destroyed after fusion with a lysosome or receptor recycling takes place, at which point the bacteria has an opportunity to exit the cell to the basolateral surface, and thus escape from the bloodstream into the CNS (Figure 1 ) (51).
Our laboratory has recently made the observation that S. pneumoniae in the bloodstream is also capable of translocation into the myocardium. Within the ventricles, S. pneumoniae forms discrete bacteria-filled lesions approximately 10-100 mm in diameter (i.e., microlesions). Microlesions are distinct from Staphylococcus aureus cardiac abscesses (52) in that there is a stark absence of infiltrating immune cells (Figure 2A ). In experimentally infected mice, pneumococcal microlesion formation occurred both in the left and right ventricles, was often found adjacent to blood vessels, and was concomitant with development of abnormal electrophysiology, as determined by ECG analysis. Importantly, in antibiotic-rescued animals, microlesion formation resulted in substantial cardiac scarring thereafter, as evidenced by the deposition of collagen at former lesions sites ( Figure 2B ). Evidence for microlesion formation was also observed in experimentally infected nonhuman primates, and in two of nine human autopsy cardiac samples from individuals who succumbed to invasive pneumococcal disease (IPD) (46) . Thus, cardiac microlesion formation is a potential additional explanation for why adverse cardiac events occur during severe infections, and the scarring that occurs thereafter may explain the elevated incidence of sudden death in convalescent individuals.
Of note, wild-type mice pretreated with neutralizing antibodies against LR and PAFR-deficient mice challenged with S. pneumoniae both failed to develop cardiac microlesions. Likewise, an S. pneumoniae mutant lacking CbpA was attenuated in its ability to form cardiac microlesions (46) . Thus, CbpA-mediated adhesion to LR on vascular endothelial cells in the heart and PAFR ligation by cell wall ChoP can be considered a shared pathogenic step with the development of meningitis. Of note, Neisseria meningitidis and Haemophilus influenza, which also express ChoP on their surface and bind PAFR, also bind to LR through meningococcal outer-membrane secretin PilQ and outer membrane protein PorA, and outer membrane protein (OMP) P2 of H. influenzae (49) . As such, it is possible that these respiratory pathogens also directly invade the heart.
Why pneumococci within cardiac microlesions do not elicit an immune response is unclear. This stands in stark contrast to the vigorous, even damaging innate immune response that occurs in the lungs, middle ear, and CNS during infection. Interestingly, in hearts with confirmed microlesions, immune cell recruitment could be observed at the pericardium. Likewise, a nonpurulent microlesion was also observed within the gastrocnemius muscle of an infected mouse, suggesting that the absence of an inflammatory response may be due to a specific pneumococcal interaction with striated muscle cells (46) . The absence of an immune response is obviously permissive for bacterial replication and, during the course of disease, lesions were observed to increase in size. In addition to directly damaging the heart and causing the release of danger-associated molecular patterns that would lead to TLR activation and cardiosuppressive NF-kB activation, these microlesions presumably directly disrupt electrophysiology, and would serve as a vehicle for direct delivery of pneumococcal cell wall to adjacent, but still viable, cardiomyocytes, in turn affecting the overall capacity of affected hearts to contract.
S. pneumoniae Damages and Kills Cardiomyocytes
Pneumolysin is a cholesterol-dependent cytolysin produced by S. pneumoniae (28) . Pneumolysin binds to the cell membrane of eukaryotic cells, oligomerizes, and forms lytic pores in association with lipid rafts (46) . At high concentrations, pneumolysin is capable of inducing lysis of the target cell, whereas, at lower concentrations, it can have a potent disruptive effect on cell signaling by causing unregulated ion entry (e.g., Ca 21 ) and small molecule (e.g., ATP) loss (51) . Excitation-contraction coupling in cardiac muscle is dependent on calciuminduced calcium release. Briefly, the calcium influx from the depolarized cardiomyocyte membrane triggers the release of intracellular stores of calcium. This free calcium in the cytosol binds to troponin C by the actin filaments, thereby allowing for cross-bridge cycling by the myosin head and, subsequently, ATPdriven contraction. Thus, unregulated calcium entry through pneumolysinformed pores would presumably be directly disruptive of contractility. Importantly, pneumolysin has been shown to efficiently kill the HL-1 cardiomyocyte cell line in vitro, and an S. pneumoniae mutant deficient in pneumolysin production was observed to form significantly smaller and fewer cardiac microlesions in mice. Using immunofluorescent microscopy, pneumolysin production by wild-type S. pneumoniae within microlesions has been confirmed to occur (46) . Yet, to date, no study has directly examined the effect of pneumolysin on cardiac contractility. Of note, perfringolysin O, a homolog of pneumolysin that is produced by Clostridium perfringens, has been shown to directly suppress cardiac function, although the specific molecular mechanism was unexplored (53) .
The pneumococcus also produces profuse amounts of hydrogen peroxide (H 2 O 2 ) using an enzyme known as pyruvate oxidase (54) . Whereas catalase in the blood neutralizes H 2 O 2 , cardiomyocytes adjacent to pneumococci within microlesions are likely exposed to high levels of this damaging reactive oxygen species that is also capable of causing cell membrane damage (55) . A role for H 2 O 2 -mediated damage during IPD is supported by studies that demonstrate that cell death occurs in cardiomyocytes after their exposure to high levels of H 2 O 2 (56) . Moreover, studies of pneumococcal meningitis that demonstrate pneumolysin and H 2 O 2 act synergistically to cause cell death of neurons (51, 57) . Importantly, at sublethal concentrations, H 2 O 2 induces cardiomyocyte hypertrophy (56) . These enlarged cells showed enhanced actin stress fibers and disrupted myofibrils. Oxidative stress is now recognized to induce cellular senescence in cardiomyocytes, with cardiomyocytes treated with doxorubicin having increased positive staining for senescence-associated b-galactosidase, cyclin-dependent kinase I expression, decreased cardiac troponin I phosphorylation, and decreased telomerase activity observed (58) . Thus, H 2 O 2 -driven cardiomyocyte senescence may have long-term consequences beyond acute infection.
Cardiac Scarring Is Observed in Hearts after IPD
Hearts from mice that had been rescued from IPD using antimicrobials were marked by considerable collagen deposition in areas of former microlesion sites ( Figure 2B ). Collagen deposition after extended cardiac ischemia is known to lead to the formation of firm, noncompliant, and contracted scars (59) . It is therefore possible that the scars formed after a cardiac microlesion negatively impact contractility thereafter. After a traumatic cardiac damaging event, such as an infarct, transforming growth factor-b is markedly up-regulated, and plays a central role in infarct healing, cardiac repair, and left ventricular remodeling by modulating the fibroblast phenotype and gene expression. This promotes extracellular matrix deposition in the infarct by decreasing matrix degradation through induction of protease inhibitors (60, 61) . The role transforming growth factor-b plays in cardiac microlesion repair remains unknown, and is currently under study. Determining the molecular mechanisms underlying the observed collagen deposition may offer an explanation of the greater incidence of mortality in IPD survivors.
Possible Prophylactic and Therapeutic Approaches to Prevent Heart Damage
Immunization of mice with a recombinant protein composed of a pneumolysin toxoid fused to the portion of CbpA that mediates interactions with LR was demonstrated to elicit protective antibodies against the formation of cardiac microlesions (46) . Thus, antibody-mediated neutralization of CbpA and pneumolysin are potential prophylactic options for preventing cardiac damage. Statins, 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors, block the synthesis of cholesterol, yet also exert pleiotropic effects that include a decrease in inflammation and resistance to infection (29, 36, 38, 39) . Pretreatment of human brain microvasculature endothelial cells (HBMEC) with simvastatin decreased de novo production of PAFR by 65% after exposure to TNF-a for 2 hours. Likewise, overnight exposure of HBMEC to simvastatin decreased the ability of S. pneumoniae to adhere to these cells (62) . In addition, statins were found to confer resistance to pore formation mediated by pneumolysin and other cholesterol-dependent cytolysins, presumably by inhibiting the formation of lipid rafts (62) , of which cholesterol is an integral part. Although it remains unknown if statins are cardioprotective during IPD, the above studies highlight a potential use for antibodies and PAFR antagonists in conferring prophylactic and possibly therapeutic protection against PAFRmediated invasion of respiratory pathogens.
Other Contributing Factors
Adverse cardiac events after pneumonia are not just part of the host response to infection, but may also arise as a result of usage of medications commonly used to treat pneumonia. For example, some b-lactam antibiotics can complicate management of pre-existing heart failure due to increasing plasma sodium levels, macrolide and fluoroquinolone antibiotics can induce cardiac arrhythmias, and azithromycin has specifically been linked with increased cardiovascular death (12-15, 63, 64) . Takotsubo cardiomyopathy, a condition triggered by a significant stressor, such as hospitalization for pneumonia, may also explain some of the increased cardiovascular death associated with this disease (65) . The incidence of Takotsubo cardiomyopathy is thought to be around 2% in people with a suspected coronary artery syndrome, and is most commonly seen in postmenopausal women over 65 years of age. Myocardial suppression by lactate is also common in sepsis with concomitant metabolic acidosis. Some studies have suggested that lactate clearance may be important in prognosticating in pneumonia (66) .
Conclusions
It is clear that acute pneumococcal disease is associated with adverse cardiac events. The extent to which these are the direct and cardiotoxic effect of this pathogen remains unclear, but is the focus of further study. At this moment, it is critical to learn the true impact of these interactions on long-term heart function in convalescent individuals. Assuming that S. pneumoniae interactions with cardiomyocytes are detrimental and long lasting, what is the best course of action? Currently, pneumococcal vaccination appears to be the best solution. Since introduction of the seven-valent conjugate vaccine against S. pneumoniae in 2000, it has been estimated that there were 168,000 fewer hospitalizations for pneumonia across all age groups in the United States (5). The 13-valent version of this vaccine has recently been approved for use in adults, and will have expanded coverage, although questions remain regarding its efficacy in reducing adult disease (67, 68) . Perhaps a future vaccine strategy includes the inclusion of a conserved protein antigen that elicits antibodies that block the ability of the pneumococcus to target the heart. Such an antigen should simultaneously confer protection against serotypes that are not included as part of the vaccine formulation. Thus, the aforementioned CbpA and pneumolysin toxoid fusion protein is a possible candidate. Alternatively, the use of therapeutic drugs that neutralize pneumolysin or inhibit the bacteria's interaction with PAFR may be of value in acute disease settings. For example, immediately before treatment with antimicrobials that cause the release of cytotoxic/cardiotoxic bacterial components upon bacterial killing. In summary, there is an increasingly pressing need to address the susceptibility of individuals to severe pneumococcal infections and the associated heart damage, in particular as the number of the elderly, and thus susceptible individuals, continues to climb. n
